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The development of x-ray imaging to study renal function. The junction with contrast media to explore renal excretory
well-established role of the kidney in control of blood volume function, strongly suggested that x-rays could be used to
and ultimately arterial blood pressure has been underscored obtain dynamic information about renal function [2].by the demonstration of alterations in renal hemodynamics
The assessment of organ function implies evaluation ofand function recognized as responsible for these and other
a specific dynamic characteristic, which in the kidneyregulatory mechanisms. Nevertheless, the spatial complexity
of intrarenal structure and function has made evident the need may be attributed to renal circulation, glomerular filtra-
to study these separately in different regions of the intact kid- tion rate, or tubular dynamics. The advances made in
ney. Because of the introduction of x-rays, assessment of renal x-ray image reconstruction have enhanced resolutionfunction has indeed been one of their attractive applications.
and facilitated estimation of these parameters in greatHowever, despite the appeal of their noninvasiveness, several
detail [3]. For example, assessment of the renal circula-limitations confounded the different x-ray techniques used,
most of which remained unresolved until the development of tion is no longer limited to the measurement of global
computed tomography. Furthermore, the development of fast renal blood flow but has been expanded to the estimation
imaging, which allows repetitive analysis of the same region
of intrarenal regional distribution of blood to specificof interest during the transit of contrast medium, holds a great
areas of the superficial, middle, or deep cortex or inpotential to estimate intrarenal distribution of blood flow and
the dynamic characteristics of tubular fluid flow in individual the outer or inner medulla. Likewise, the glomerular
nephron segments. This latter assessment requires the adminis- filtration rate can be indirectly estimated in different
tration of filterable x-ray contrast medium, which is cleared areas of the renal cortex, and the transit of fluid throughfrom the plasma almost exclusively by glomerular filtration,
different nephron segments, as well as fluid reabsorption,and the generation of contrast dilution curves. A historical
can be assessed in the in vivo intact kidney. These capa-review of the development and progress of the various x-ray
techniques used will help understand the past and present of bilities of x-ray and contrast media will considerably
x-ray imaging, and will make it easier to envision the impor- enhance the ability of the clinician to achieve a more
tance of their future roles in the study of renal physiology and
accurate diagnosis of renal diseases and to pinpoint earlypathophysiology.
and subtle defects in the evolution of renal pathology,
such as those preceding overt hypertension. Therefore,
the objective of this review is to trace the historical devel-Approximately 100 years ago, in 1895, Wilhelm Con-
opment of x-rays with special emphasis on their utiliza-rad Roentgen discovered x-rays, a technique that revolu-
tion to evaluate functional parameters. We believe thattionized clinical medicine throughout this century be-
these new applications will revolutionize the diagnosticcause it allowed, for the first time, a nonsurgical
and follow-up procedures in nephrology.visualization of the internal anatomy of the human body
[1]. In the early years, most efforts were directed toward
defining the characteristics of x-ray images reflecting spe- PRINCIPLES OF X-RAY IMAGING
cific pathological processes such as intestinal obstruction,
Since the discovery of x-rays by Roentgen in 1895 [1,cerebral hemorrhage, dissecting aneurysm, etc. How-
4], there has been a progressive technological sophistica-ever, in the 1920s, the success of a technique called “ex-
tion that has made possible not only a better explorationcretory urography,” using sequential x-ray images in con-
of different organs, but the transversal section of the
body and, finally, the study of functional characteristics.
The most common modes of x-ray imaging techniquesKey words: x-rays, computed tomography, contrast media, contrast
dilution curves, non-surgical visualization, diagnosis of renal disease. that have been used for renal studies can be divided into
three major categories: projection radiography, linearReceived for publication July 24, 1997
(axial) tomography, and computed (transaxial) tomogra-and in revised form April 6, 1998
Accepted for publication April 6, 1998 phy (CT; Fig. 1). Technical aspects of historical or con-
ventional methods are only briefly summarized in this 1999 by the International Society of Nephrology
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Fig. 1. Flow chart describing major catego-
ries of x-ray imaging techniques used to study
renal physiology and pathophysiology. Ab-
breviations are: CT, computed tomography;
DSR, dynamic spatial reconstructor; EBCT,
electron beam CT.
review, whereas a greater emphasis is placed on more film, describing renal and ureteral calculi, was obtained
[6]. This first attempt was followed by various enhance-sophisticated and novel techniques developed with CT.
ment techniques, such as placement of a metal stylet in
the ureter [7] or the use of barium and other radiopaque
PROJECTION RENAL RADIOGRAPHY substances [8] which were used to facilitate visualization
Projection renal radiography derived its name from of the urinary system [9]. Similarly, ureteral retrograde
the mode of image acquisition, with the x-ray source and injections of contrast media were used to diagnose
the film being stationary (Fig. 2, left panel), and all of neoplasms, chronic pyelonephritis, congenital abnormal-
the points in the path of any x-ray projected on the same ities, and cystic processes. This procedure constituted an
point on the film. The images generated by this technique important step in the radiological evolutionary process
have been used for virtually a century to outline the but had several limitations, the main of which was
major characteristics of gross renal anatomy and pathol- a high incidence of renal infection (for example,
ogy, and are still useful today. The two major categories pyelonephritis).
of projection radiography are conventionally classified
Dynamic imagingas static and dynamic imaging.
Excretory urography. The first important attempt to
Static imaging explore the excretory function of the kidney was under-
For the first 30 years after their inception, renal radiog- taken in 1923 by Earl Osborne, who developed intrave-
raphy was mostly circumscribed to assessment of ana- nous pyelography at the Mayo Clinic [10]. This investiga-
tor based his technique on the observation that iodinetomical structures [5]. In 1896, the first plain abdominal
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compounds were easily detectable by x-rays during their The concentration curve of the intravascular marker
Thorotrastt returned to basal levels after its passagerenal clearance. This method allowed, for the first time,
the study of renal function [11]. Other attempts included through the vascular compartment of the kidney (Fig.
3A), whereas the curve obtained with the filterable Angi-retroperitoneal air instillation [2] and nephrotomogra-
phy [12]. The former was based on the concept that air ografint had a tail of “residual opacity” lingering above
baseline levels (Fig. 3B) [16]. They attributed that differ-in the retroperitoneal space will enhance the kidney and
adrenal shape shadows [2], whereas the latter combined ence to the fact that Angiografint was being filtered
by the glomeruli and retained in the tubules, whereasthe use of intravenous pyelography with body section
roentgenography [12], in an attempt to exclude sur- Thorotrastt was completely washed out via the renal
vein. Subtraction of the Thorotrastt curve from the An-rounding abdominal contents from the region of interest.
Angiography. Renal circulation has also been a main giografint curve yielded a new curve representing the
amount of filtered contrast retained in the tubular com-focus of interest when studying renal function. Angiogra-
phy is a technique used to examine changes in the luminal partment after the vascular passage (filtration curve; Fig.
3B). From this curve, they estimated filtration fractiondiameter of the vascular tree by application of x-rays
during vascular transit of contrast media, making it very as a function of residual opacity divided by the maximal
height of the vascular curve [16].useful in the diagnosis of renal artery stenosis. Trueta
et al, who were the first to perform a dynamic renal The two important advantages of this technique were
(a) the assessment of renal blood flow and tubular dy-angiography study, carefully timed their x-ray picture
shooting and were able to recognize the transit of con- namic with the use of two injections of contrast, and (b)
the possibility of calculating blood flow, without requir-trast through the renal artery and intrarenal branches in
the cortex, as well as through the medulla and the renal ing sampling of the actual tissue contrast concentration.
In spite of some limitations, videodensitometry was thevein [13]. The contrast medium (Thorotrastt) was a col-
loidal substance, nonfiltered by the glomeruli, which pro- first method to evaluate renal function using x-ray im-
vided good intravascular radiopacity characteristics. aging, a concept that is further developed in subsequent
These experiments constituted a milestone in the study sections when discussing novel imaging techniques.
of renal function, as it was the first time renal circulation Digital subtraction angiography. This method, intro-
was dynamically studied with the aid of x-rays. Further- duced in the 1980s, combines routine angiography (visu-
more, in another set of studies, this group of investigators alization of vascular lumen) with computer software ca-
was the first to describe the phenomenon of independent pable of digitizing and analyzing the signal received from
regulation of cortical and medullary blood flow, which the kidney during the passage of contrast media injected
they interpreted as possible blood shunting between dif- intra-arterially or intravenously [17, 18]. After appro-
ferent regions of the kidney [13]. The physiological and priate background subtraction and processing, it allows
pathophysiological significance of these findings is dis- characterization of the signal produced by the contrast
cussed later in this article. medium alone during its renal passage. This method is
Videodensitometry. The reliability of measurement of very useful to assess severity of renal arterial stenosis,
renal function with substances that are eliminated by the as part of the work-up of hypertensive patients, but does
kidney depends to a great extent on the accuracy with not provide information on renal parenchymal perfusion.
which the amount of the excreted substance can be quan- The major problem with this method is related to the
titated. This issue was addressed with the introduction accuracy with which one can focus on the renal artery.
of videodensitometry. Densitometry is a technique capa- The need for this was obviated with the introduction of
ble of obtaining measurements of the concentration body section roentgenography, in which the tomographic
(density) of roentgenographic contrast media in the cir- image is constructed by combining data obtained from
culatory system through analysis of time/density curves a multitude of different views [17]. This approach is
by measuring “brightness” at selected areas of the x-ray discussed in the following sections.
images. The name videodensitometry reflects improve-
ment in this technique achieved by the addition of video
LINEAR (AXIAL) TOMOGRAPHYanalysis and storage capabilities [14, 15].
The name tomography derives from the Greek wordsErikson et al were the first to apply this methodology
tome (to cut) and graphein (to write). The principle onto study renal parenchymal perfusion [16] and function
which tomography is based was borrowed from optics,[17]. They performed a videodensitometric study of
in which the x-ray tube and the film are moved synchro-the kidney after injection of a glomerular filterable con-
nously in opposite directions during exposure, whereastrast medium (Angiografint) and repeated it after injec-
the object is kept motionless (Fig. 2, center panel) [19].tion of a nonfilterable, intravascular contrast medium
Some important modifications have been introduced(Thorotrastt). Erikson et al found that the two types of
contrast media resulted in different time-density curves: over the years. For example, in 1930, Valebona intro-
Lerman et al: X-ray imaging and renal function404
Fig. 3. (A) Videodensitometric curve obtained after the injection of an intravascular contrast agent (Thorotrastt). Note the return of renal density
to baseline level following contrast washout. (B) Videodensitometric curve obtained after injection of a filterable contrast agent (Angiografint),
whose tubular retention led to a “tail” of residual opacity. The dotted line shows the filtration curve obtained by subtracting the Thorotrastt curve
from the Angiografint curve. (From Erickson U, Lorelius LE, Rhun G, Wolfgast M: Regional renal function measured by videodensitometry.
Scand J Nephrol 15:131–135, 1981; used with permission.)
duced autotomography, in which the x-ray source and to make transaxial reconstructions, which culminated in
the development of CT in 1973 [26].the film are stationary, with the object being the moving
To demonstrate this basic principle, Figure 4 showspart [20]. Using this technique, objects located in the
the basic operations underlying reconstruction of a trans-plane under study are clearly visualized, whereas moving
verse section of a cross-shaped object using two (orthog-parts appear blurred in the image. The initial application
onal) x-ray projections oriented perpendicular (908 rota-of this technique was limited to the bronchopulmonary
tion) to the arms of the cross. Variations in the opacitysystem [21].
of the projections, which are determined by the thicknessThe use of axial tomography in nephrology was mainly
of the cross segment interposed in the x-ray pathway,through a technique called nephrotomography [12], in
can be recorded as such in an x-ray film, represented inwhich consecutive pictures of the kidneys were taken
Figure 4 by an open square. The opacity of the projectionfollowing a nephrogram phase (phase of renal excretion
can also be recorded as an analog signal by photo cellsof a preinjected substance). The major limitation was
aligned along the same transverse plane. This is shownthat only a single plane could be identified at a time,
in Figure 4, in which the analog displays curves reachingand only a limited region was clear in the film, the rest
the values 3 and 1, corresponding to the same x-rayappearing blurred [20]. This made impossible a complete
density of the back projections recorded in the film.analysis of the cross-section being studied. In multisec-
The summation of the opacities recorded from the twotion tomography, several sections of the body could be
projections illustrated in Figure 4 can also be representedobtained with one radiation exposure (by placing differ-
(digitized) by a numerical set of values from which the
ent films at different distances from the source). How-
transversal section of the cross can be reconstructed. In
ever, none of them were as reliable as a “single cut” this simplified example, a partially blurred two-dimen-
study, the latter often being required as a supplementary sional reconstruction of the cross is obtained, and the
view [22, 23]. These problems were largely addressed corresponding digitalization is heterogenous. This low
with the advent of CT (transaxial). accuracy of reconstruction resulted mainly from the lim-
ited angles of projection (views) used to scan (describe)
and reproduce the original object. It is important toCOMPUTED TOMOGRAPHY (TRANSAXIAL)
mention here that the summation method used in our
Image reconstruction example is a very simplified version of the so-called
Computed (transaxial) tomography (CT; Fig. 2, right filtered back-projection technique. There are, however,
panel) is based on the mathematical concept known as other methods for reconstructing images that involve
image reconstruction, developed in 1917 by J. Radon, algebraic reconstruction and the Fourier analysis-based
who derived a formulation to reconstruct an object from method, a description of which is beyond the scope of
its different projections in space [23]. This investigator this review.
proved that two- and three-dimensional objects can be Once the tomographic images are reconstructed, most
reconstructed from an infinite set of projections. In the organs can be identified in the cross-sectional images by
late 1950s and 1960s, Oldendorf [24], Cormack [25], and their unique shapes and locations, as well as by differen-
tial tissue densities. To study the kidney, although itHounsfield [26] adapted such mathematical techniques
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Fig. 4. Procedure for generation of multidi-
mensional attenuation profiles (see text).
is sometimes distinguishable from surrounding tissues Therefore, analysis of CT images in conjunction with
contrast pharmacokinetics can be used to calculate renalwithout the need for contrast media, their administration
is necessary in order to distinguish between the cortex size, blood flow, and function.
and medulla, which have similar baseline tissue densities
Calculation of renal volume(CT numbers). Because the cortex receives the majority
of renal blood flow [27], administration of contrast media To measure renal volume using tomographic images,
is followed by marked cortical enhancement (that is, the kidney is usually scanned from pole to pole by mov-
increase in CT numbers) so that the corticomedullary ing the subject table at equal consecutive increments,
border is easily discernible. Indeed, for several years, the and cross-sectional images are obtained. Renal contours
radiological application of CT was limited to anatomic can be subsequently identified and manually traced on
studies. In 1980, Axel was the first to suggest the use of each image. Following the identification of the corti-
CT-derived changes in tissue density to calculate cere- comedullary junction on each image, the cortex and me-
bral blood flow [28]. Similar principles have since been dulla can also be independently traced and the area en-
adapted for calculation of renal blood flow. One of the closed within the trace calculated. Multiplication of the
greatest advantages of x-ray contrast media over those calculated area of a region by tomographic slice thickness
used in conjunction with other imaging modalities (such yields the volume of the region of interest on that image;
as ultrasound, magnetic resonance imaging, and radionu- summation of regional volumes calculated from all the
clear methods), the concentration of x-ray contrast media images would yield the total volume of that region (Simp-
in a tissue is linearly related to tissue radio density in son’s rule). A statistical random-marking method has
the dynamic range usually used in clinical imaging [3, also been validated for volume calculation from CT im-
29]. Consequently, determination of changes in tissue ages [31, 32], and the volume estimations it provides are
density reflects proportional changes in concentration of very close to those obtained using manual tracing.
contrast in the region of interest, and measurements of Because of the curvature of the renal surface, a tomo-
blood or filtrate flow are quantitative rather than qualita- graphic slice with a finite thickness may include constit-
tive. Although positron emission tomography scanning uents of different densities in the same voxel (picture
also provides accurate measurements of renal perfusion volume element), with the resultant voxel density being
[30], the superior spatial resolution of CT enables this an average of those constituents sampled [33]. This arti-
fact, termed partial volume or volume averaging effect,to be measured in different, small regions of the kidney.
Recording the transit of contrast by repeated scanning can be substantially reduced by using thin (6 mm or less)
tomographic slices. The desirable decrease in slice thick-throughout its transit in the renal vascular compartment
enables estimation of renal perfusion. Following the glo- ness is, however, limited by a decrease in the signal-to-
noise ratio when fewer photons are detected per voxel [3].merular filtration and tubular transit of contrast provides
a measure of renal function. The ability to distinguish visually between different
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renal structures and the degree of imaging artifacts varies the capability of the scanner and on the specific clinical
with the spatial and density resolution of the CT scanner. application [34].
The spatial resolution of a scanner, which is the ability
Calculation of renal functionto visually distinguish small, high-contrast objects in an
image, is typically measured with a phantom with line- Urographic contrast media are extracellular markers
pair patterns of variable spatial frequency. Low-contrast that are removed from circulation primarily via glomeru-
resolution, on the other hand, is the ability to distinguish lar filtration and are not secreted or reabsorbed in the
objects in which the density differs little from their sur- kidney [36]. In that regard, they behave like inulin [37],
rounding background material and is determined using with the advantage that their intrarenal concentration
objects embedded in a phantom of a similar density. can be externally detected and quantitated using CT
The image noise, created by random fluctuation of CT scanning [38], and their kinetics subsequent to vascular
numbers in an image of a uniform object, is directly transit provide a measure of renal function.
related to radiation exposure, that is, the number of Different approaches have been attempted to deter-
photons used to create the image [34]. All of these image- mine indices of renal function using CT. Renal clearance
quality parameters can therefore affect the accuracy with of contrast has been estimated by documenting the
which the kidney is discerned from surrounding struc- decrease in soft tissue density over a period of a few
tures or the corticomedullary border defined. hours, which was inconveniently time consuming [37,
39]. Therefore, sequential renal scanning during a single,Calculation of renal perfusion and flow
first pass of a bolus of contrast through the kidney has
Flow studies using CT are usually based on sequential been attempted and applied in several ways. In 1981,
scanning of the same tomographic level during the transit Ishikawa et al were the first to study CT-derived renal
(first pass) of a bolus of contrast media. Since tissue time-density curves [40]. In the 1980s, the intersection
density is linearly related to contrast concentration [35] time of cortical and medullary curves (corticomedullary
and the contrast is assumed to be well mixed with blood junction time) during a first pass of a bolus of contrast
(which is especially true after intravenous injections) through the kidney has been subsequently used as a
[33], flow of contrast to a perfused tissue will follow the semiquantitative measure of renal concentration ability
distribution of blood and will result in a parallel increase [41, 42]. More recently, the residual opacity of contrast
in the density (CT numbers) of the tissue. The change was used to assess filtration fraction [43, 44], and changes
in tissue density (representing a change in contrast con- in density of the whole kidney during a first-pass of
centration) can be plotted against time, and through the
contrast was used in an attempt to calculate renal perme-
application of mathematical algorithms, regional perfu-
ability and glomerular filtration rate, by adaptation ofsion (in units of ml blood/min/cc tissue) can be assessed
mathematical analysis designed to calculate renal perme-according to the principles of the indicator-dilution the-
ability [45] and glomerular filtration rate [39, 46], byory [33], using parameters such as the area under the
adaptation of mathematical analysis designed to calcu-time-density curve, its peak height, and the mean transit
late the permeability of the blood–brain barrier [47].time of contrast through the region of interest. To obtain
Although promising, this methodology requires furtherblood flow (in units of ml blood per min), perfusion
validation against independent measures of renal func-values are multiplied by regional volume calculated sepa-
tion. Finally, recording the flow of contrast between therately, as discussed earlier.
cortex and medulla has been used to infer its intratubularTo ensure faithful description of the time-density
location [48] and to calculate renal concentration abilitycurve, scan duration needs to be short, preferably under
[38].a second, so that minimal changes will occur during scan
Due to the lower rates of tubular fluid flow [49] com-acquisition time. Moreover, interscan delays should be
pared with blood flow, its depiction with CT demands ashort, preferably no longer than one to two seconds, to
lower sampling rate (a few seconds of interval betweenenable a high repetition rate and adequate sampling of
scans) than that necessary for calculation of perfusion.the rapid density changes taking place during the transit
However, using slower scanners would then impede theof contrast in the vascular compartment. The accuracy
measurement of concurrent cortical and medullaryof these measurements is therefore greatly dependent
perfusion.on the temporal resolution of the CT scanner used.
Hence, the technical capabilities (mainly spatial andShort scan durations also offer the advantage of freez-
temporal resolution) of the various generations of CTing anatomical motion and minimizing motion artifacts.
scanners, as outlined later here, largely determined theThe trade-off of high temporal resolution, however, is a
type of studies that could be performed and the accuracydecrease in the number of photons measured by the
of the renal hemodynamic and functional informationdetectors and thereby increased noise levels. The choice
between high spatial and temporal resolution depends on obtained.
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These generations of CT scanners have been useful to
assess renal anatomy. Most of these studies were purely
anatomical in nature, due to the aforementioned techni-
cal constraints. Kidney volume was one of the most com-
monly studied renal attributes and was measured with
high accuracy [51–53]. In addition to anatomical charac-
teristics of the pyelocaliceal system [54], pathological
states such as renal infection [55–58], status postlitho-
tripsy [59], and blunt trauma outcomes [60] were also
frequently studied with these techniques.
These studies established CT as the first radiographic,
noninvasive technique capable of displaying the body
internal anatomy in a three-dimensional frame [3, 22],
with resolution high enough to allow differentiation be-
tween soft tissues. However, because of scanning and
interscanning time constraints, it was not possible to
include the temporal dimension in the analysis. The capa-
bility for dynamic studies was one of the advantages of
later generations of CT scanners, thereby providing a
completely new insight into physiological and patho-
physiological processes.
Dynamic computed tomography
The third and fourth generations of CT scanners con-
stitute the Dynamic CT Scanners, which have improved
temporal data acquisition, thanks to improvements in
both the x-ray tube and detectors’ characteristics (Fig.
5). The third-generation CT scanners have a larger array
of detectors (300 detectors, usually circular), with a 3608
rotation of both the source and detectors the only move-
Fig. 5. Diagram demonstrating the evolution of four generations of ment required for image acquisition and reconstructionCT scanners. (From Robb RA: X-ray CT: An engineering synthesis
(Fig. 5), thereby shortening scanning time (approxi-of multiscientific principles. CRC Crit Rev Biomed Eng 7:265–334,
1982; used with permission.) mately two seconds).
Fourth-generation scanners use a stationary data ac-
quisition system and a fixed circular array of 1,200 to
4,800 detectors [61]. Only the x-ray generator and tube
Conventional computed tomography rotate at 3608, thus shortening the scanning time even
Conventional CT scanners include the first- and sec- further (Fig. 5). However, although the temporal resolu-
ond-generation scanners, which, compared with later tion of conventional CT scanners is not in the subsecond
generations, have relatively long acquisition times and range, their high-radiation exposure contributes to supe-
low temporal resolution. rior spatial resolution (6 to 8 line-pairs per cm) [34].
In the first-generation CT scanners (Fig. 5), the x-ray Early applications of dynamic CT renal scanning were
source is limited to a pencil beam that impacts on two directed to observe relative contrast media enhancement
side-by-side detectors [3, 22]. Both the source and the characteristics in different regions of the kidney and to
detectors have a translation-rotation movement in order detect changes that occur under certain pathophysiologi-
to obtain images from different directions (Fig. 5) [3]. cal situations, such as renovascular hypertension [62],
The translation-rotation movement, as well as the pencil ischemic kidney [29], status post-renal artery dilation
beam used, account for the long scanning time (4.5 min) [63, 64], and renal insufficiency [41]. Later applications
and for the long interscan delay [50]. Second-generation were directed to quantitative assessment of renal hemo-
scanners used a fan beam and a detector array (30 detec- dynamics, mainly renal blood flow [65–67], volume [68–
tors) instead of a pencil beam and single detectors (Fig. 72], and permeability [45, 46]. However, despite the con-
5) in order to speed up data acquisition (18 seconds) siderably shortened data-acquisition times, the sampling
[22]. However, similar to first-generation scanners, these rate was still too low to record changes of contrast
systems use a translation-rotation movement that limits concentration within the renal tubules with adequate
accuracy.acquisition speed.
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it allowed the tomographic imaging of any cross-section
of the human body, such as the chest, abdomen, and
legs, thereby enabling characterization of their internal
structure. Although this characteristic represents an in-
disputable and significant advance in disclosing anatomi-
cal detail, it does not provide any dynamic information
that could disclose organ function. This latter concept
has been applied to those organs in which functionality
can be assessed by determining the changes in shape or
volume such as cardiac contraction [78] or pulmonary
ventilation [79] or to those organs whose function is
related to the flow of blood or other locally formed fluids.
The kidney constitutes a good example of this latter case
Fig. 6. Scanning geometry in helical (spiral) CT. (From [73] Brink because changes in blood flow influence the formation
JA: Technical aspects of helical (spiral) CT. Radiol Clin North Am of renal tubular fluid volume by altering glomerular fil-
33:825–841, 1995; used with permission.)
tration rate and/or tubular sodium reabsorption. Mea-
surements of these dynamic parameters necessitate very
fast sequential scanning of the same cross-section in such
a manner that tissue blood perfusion or tubular fluidFast computed tomography
flow could be determined by external detection of the
This group of CT scanners includes machines capable
transit of a bolus of x-ray-filterable contrast media. In
of obtaining sequential, subsecond cross-sectional scans
all these cases, the accuracy with which the change in
and in which the sampling rate is therefore high enough
tissue density consequent to transit of contrast can
[22] to be used for a more accurate calculation of renal be recorded is closely dependent on the number of
blood flow, as well as indices of tubular function. images that can be obtained per unit of time (temporal
Helical computed tomography. In spiral (helical) CT, resolution).
the x-ray source rotation and patient translation occur The first three-dimensional volume-scanning CT scan-
simultaneously and continuously (Fig. 6) [73]. This per- ner (multiple contiguous slices of a given organ scanned
mits scanning of an object in a relatively short period of simultaneously) with high temporal resolution (scan rep-
time, usually during a single breath hold. etition rate of up to 60 times/second for up to 20 seconds)
Because of the combined rotation-translation move- was presented in 1980 [80]. This instrument, convention-
ment, images obtained are of nonuniform section thick- ally called the dynamic spatial reconstructor (DSR), con-
ness and orientation that may complicate the data analy- sists of 14 x-ray tubes and 14 television cameras.
sis [74]. To overcome this limitation, interpolation an- X-ray tubes are arranged in a semicircular array (each
alysis is needed. Usually a 1808 interpolation algorithm 128 apart), and each tube has a corresponding television
is used, which results in increased longitudinal resolution camera (opposite to the tube; Fig. 7) that records the
[34]. Longitudinal resolution, which is inversely propor- scan data.
tional to couch speed and reconstruction intervals, can Initial studies on renal circulation with the DSR de-
also be improved using a prolonged scanning time. manded a comparison with another technique capable
Because of the continuous data acquisition and the of measuring renal blood flow and its intrarenal distribu-
ability to generate multiple overlapping images, this tion. A comparative examination of all methods avail-
methodology affords a high-quality, three-dimensional able at that time to estimate intrarenal distribution of
data acquisition and display [34]. However, because of blood flow (such as kripton and xenon washout, kripton
relatively long effective exposure times (approximately autoradiography, H2 electrodes, heat clearances, transit
one second), its temporal resolution is lower than some renography, computerized angiography, and radiola-
other fast CT scanners, and therefore, it is less frequently beled microspheres) was published in 1982 [81]. From
used for acquisition and analysis of dynamic data. all these methods, the use of radiolabeled microspheres
Several studies have demonstrated the capability of was considered the “gold standard,” as their accuracy to
spiral CT to study renal anatomy and function [75, 76]. estimate organ flow was well demonstrated [82]. How-
Parameters studied included kidney volume, renal artery ever, there were some serious concerns about the use of
angiography (for renal artery stenosis assessment) [77], microspheres to estimate distribution of blood flow in
surgical planning and focal lesions localization and different areas of the renal cortex. Using a rigid hydrody-
stadification. namic model, Morkrid et al showed that circulating cells
Dynamic spatial reconstructor. As mentioned earlier, or equivalent elements such as microspheres with high
specific gravity tend to occupy the center of the bloodthe major advantage of the application of CT was that
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Fig. 7. Artist’s representation of the Dy-
namic Spatial Reconstructor (DSR). (From
Bentley MD, Fiksen-Olsen MJ, Knox FG,
Ritman EL, Romero JC: The Use of the Dy-
namic Spatial Reconstructor to study renal
function, in Primary Hypertension, edited by
Kaufmann W, Berlin/Heidelberg, Springer
Verlag, 1986, pp 126–141,  1986 Springer-
Verlag; used with permission.)
stream in interlobular arteries, impeding their access to
glomerular afferent arterioles in the deep cortex, that
depart at right (and even acute) angles from the interlob-
ular artery [83]. Such a phenomenon, called “stereic hin-
drance” or “plasma skimming,” was confirmed with the
DSR. In this study, it was shown that microspheres dis-
tribute predominantly in the superficial cortex (Fig. 8).
However, during renal vasodilation induced by a contin-
uous infusion of bradykinin, microspheres were more
uniformly distributed with an increased concentration in
the deep cortex and showed better agreement with DSR
measurements. These results were interpreted to be the
consequence of a fall in circulatory velocity during vaso-
dilation. This leads to cell margination, which facilitates
the access of cells or microspheres into juxtamedullary
afferent arterioles [84]. These changes mimicked a redis-
tribution of blood flow from the superficial to the deep
cortex when actually there was only redistribution of
microspheres.
In a study designed to examine the canine renovascu-
lar anatomy using the DSR, arterioles as small as 1 mm
in diameter were found to be detectable. The machine
can also provide detailed dilution curves of the transit of
contrast in the four zones of the renal cortex (superficial,
middle, inner, and juxtamedullary) and in two different
Fig. 8. Regional renal perfusion measured with the dynamic spatialareas (outer and inner) of the renal medulla. From these
reconstructor (DSR) and with 15 m radiolabeled microspheres underdilution curves Bentley et al developed a mathematical control conditions and during renal vasodilation, achieved by an intrare-
equation that allowed a precise calculation of renal blood nal infusion of bradykinin (0.75 mg/kg/min). Perfusion was measured
in the renal medulla (M), juxta-medullary cortex (JMC), and inner (IC),flow [43]. These measurements yielded a correlation of
middle (MC), and outer (OC) cortex. In the vasodilated kidney, the0.91 when compared with simultaneous measurements microspheres-to-DSR relationship becomes more linear because of the
made with an electromagnetic flowmeter over a wide vasodilation-induced decrease in stereic hindrance, leading to more
uniform of the microspheres. (From [84] Iwasaki T, Ritman EL, Fik-range of changes of renal blood flow, such as 10%, 30%,
sen-Olsen MJ, Romero JC, Knox JG: Renal cortical perfusion: Prelimi-and 50% below the range of renal blood flow autoregula- nary experience with the dynamic spatial reconstructor (DSR). Ann
Biomed Eng 13:259–271, 1985; used with permission.)tion [43].
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Studies were also performed with the DSR to deter- 1.5, 3, or 6 mm thick tomographic slices can be obtained
by using a single target ring and moving the patient tablemine changes in intrarenal distribution of blood flow
when renal perfusion pressure was altered within the at predetermined increments. Although its temporal res-
olution is lower than the DSR (50 or 100 msec/image),range of renal blood flow autoregulation (114 to 153 mm
Hg). Diversion of blood from superficial (short, salt- this resolution is nonetheless sufficient to obtain ade-
quate evaluation of renal function. Furthermore, be-losing nephrons) to juxtamedullary (long, salt-saving
nephrons) glomeruli had been suggested by Barger to cause of the slightly longer scan duration and lower im-
age noise compared with the DSR, its spatial resolutionexplain the fall of urinary sodium excretion in the ab-
sence of changes in total blood flow (within the range is better, although lower than conventional CT (2 to 4
line pairs/cm) [34].of autoregulation) [85]. The results obtained with the
DSR demonstrated that changes in renal perfusion pres- Jaschke et al were the first to demonstrate the poten-
tial of the EBCT in measuring renal blood flow and tosure were not accompanied by any significant alteration
in the distribution of blood flow within the renal cortex establish the basic principles for that calculation that
correlated highly with measurements obtained with ra-[86]. However, under these conditions, a very significant
change (34.7%) in the papillary flow was observed, which dioactive microspheres [35, 88]. Subsequent validation
studies demonstrated the accuracy of EBCT-derivedcontrasted with a lack of changes in outer renal medulla
[86]. The importance of changes in papillary flow on the measurements of renal, cortical, and medullary (com-
pared with their in vitro) volumes [32], perfusion (com-regulation of urine sodium excretion was first suggested
by Roman and Cowley, who showed with the use of a pared with electromagnetic flowmetry) within a wide
range of renal blood flow values [89], as well as changeslaser doppler probe that the vasculature of the renal
papilla did not exhibit any autoregulation of blood flow in blood flow distribution [38].
[87]. This mechanism allowed the kidney to sense
changes in aortic pressure in a small area of the renal
DETERMINATION OF TUBULAR DYNAMICS
parenchyma (medullary flow comprises 4% to 6% of
An important step in evaluating renal function wastotal renal blood flow) without altering the autoregula-
the description of the dynamic characteristics of tubulartory response in the renal cortex and outer medulla. The
fluid transit through different nephron segments, usingimportance of papillary flow in the regulation of sodium
inulin-like contrast medium as a marker [38]. The scan-excretion is discussed further in the next section.
ning sequence was designed so as to first follow theIn spite of the great potential of the DSR, it was not
transit of x-ray contrast through renal vasculature in theextensively used, first because the instrument was not
cortex and in the medulla. After completion of the firstavailable to investigators outside the Mayo Clinic, and
pass of the bolus through the kidney (5 to 6 sec), asecond, because of high operating and maintenance
residual opacity is observed (Fig. 10), that, as interpretedcosts. However, further studies on intrarenal hemody-
by Jaschke [29], corresponds mainly to contrast that hasnamics were made possible when Imatron, a California
been filtered in the glomeruli and is contained in thecompany, marketed the first commercially available elec-
proximal tubules. Continuing the scanning sequence attron beam CT. This instrument is described in the next
few second intervals, the displacement of this contrastsection.
medium through the nephron can be traced. Potts et al
were the first to measure the transit times between two
ELECTRON BEAM COMPUTERIZED different regions of the canine kidney from EBCT con-
TOMOGRAPHY (EBCT) trast attenuation curves [48]. From their recent report
and ours [38], it can be concluded that these displace-This instrument represents a novel concept in the use
of x-ray to obtain fast three-dimensional tomographic ments indicate the flow of contrast medium along the
different nephron segments (Fig. 10), that is to say, fromscanning. The major differences between the EBCT and
the DSR or conventional CT is that EBCT has no me- the proximal tubules (cortex) to the descending (outer
medulla) portion of the loop of Henle, the tip (innerchanical parts (x-ray tubes and/or TV cameras) moving
around the patients, resulting in lower heat production medulla) and the ascending portion of the loop of Henle
(outer medulla), returning to the distal tubule cortex,and enabling fast scanning. An electron beam, originat-
ing from an electron gun located behind the patient (Fig. after which it is cleared through the collecting system,
located in cortex, medulla, and renal pelvis (Fig. 10).9), is magnetically deflected sequentially onto four tung-
sten target rings, producing eight fan beams (2 from Furthermore, the transit time of contrast media displace-
ment through all of these renal segments agreed closelyeach target ring) of x-ray radiation that pass through the
patient (Fig. 9). The kidney can then be imaged by eight with those measured in dogs by Steinhouser et al using
lisamine green [90, 91]. The contrast also showed changesalmost simultaneous cuts that are thicker than those pro-
duced by the DSR (8 mm). Alternatively, consecutive in density similar to those described for inulin, whose
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Fig. 9. Diagram of cardiovascular computed
tomographic (CVTC) system. (Top) Longitu-
dinal section of system showing deflection and
focusing of electron beam onto fixed semicir-
cular anode ring, and collimator assembly to
generate data for eight adjacent sections as
beam is rapidly sequenced from point-to-point
along each of four anode rings. (Bottom) End
view of system showing relationship of patient
cross section to fixed detector arc and elec-
tronically swept x-ray fan beam source (From
Boyd DP, Gould RG, Quinn JK, Sparks R,
Stanley JH, Herrmannsfeldt WB: IEEE
Trans Nucl Sci NS-26(2), 2724, 1979,  1979
IEEE, and modified by Robb RA: CRC Crit
Rev Biomed Eng 7:319, 1982; used with per-
mission.)
concentration progressively increases toward the tip of This observation encouraged Rodriguez et al to deter-
the papilla (because of the osmotic gradient) and redi- mine the changes in intrarenal distribution of blood flow
lutes as it returns to the cortex through the thick as- and tubular dynamics that occur during alterations of
cending loop of Henle. This suggested that changes in renal perfusion pressure within the range of renal auto-
tubular fluid and mostly sodium reabsorption in a given regulation [93]. The results of these studies were largely
tubular segment can be detected by corresponding confirmatory of a previous observation made with the
changes in the density of contrast medium and by propor- DSR, in that there were no changes in the cortical distri-
tional alteration in the transit time. To test this assump- bution of blood flow, whereas papillary flow changed in
tion, the kidney was scanned during the administration direct proportion to renal perfusion pressure. However,
of furosemide [38], a loop-diuretic that decreases sodium a careful measurement of all the hemodynamic changes
chloride reabsorption in the ascending loop of Henle
in the inner medulla was performed to examine how[92]. Figure 11 demonstrates a corresponding significant
extensive an area was involved in these alterations. Itcontrast dilution (or fall in x-ray density) in the loop
was found that there was an area of the inner medullaof Henle and collecting system that was detected with
that lies immediately outward to the papilla that exhib-EBCT.
ited changes in flow opposite to those seen in the papilla.These resulted in the conclusion that EBCT consti-
In other words, the increments in papillary flow weretutes an excellent method to determine accurate changes
counteracted by opposite directional changes in this out-in intrarenal distribution of blood flow and the manner
lying papillary zone.in which these changes are coupled to changes in tubular
sodium excretion [38]. Because of these opposite changes in two closely re-
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lary flow will be the consequence, not the cause, of the
changes in tubular fluid resorption.
INTRARENAL HEMODYNAMICS IN
THE NORMAL AND HYPERTENSIVE
HUMAN’S KIDNEY
Using methodology developed in animal studies [32,
38, 89], EBCT estimates of the whole kidney, cortical,
and medullary perfusions and volumes have been shown
to be feasible and highly reproducible in normal humans
under controlled conditions [94]. Similar principles were
applied in recent years in a series of EBCT studies aimed
to investigate intrarenal perfusion and volume in essen-
tial and renovascular hypertension. Normotensive hu-
mans with a family history of essential hypertension [95],
as well as essential hypertensive patients [96], were found
to have normal regional renal volumes but a significantly
lower cortical perfusion compared with humans without
such a predisposition. In patients with renovascular hy-
pertension and preserved renal function, cortical and
medullary perfusion correlated inversely with the degree
of stenosis in fibromuscular dysplasia, but not in athero-
sclerotic renal artery stenosis. In fact, the decrease inFig. 10. Time-density curves obtained in a canine kidney during the
transit of a bolus of a filterable contrast medium (iopamidol). The cortical perfusion in the latter exceeded in severity the
curves were obtained separately from the renal cortex (h), outer me- degree of the stenosis, underscoring the systemic naturedulla (d), and inner medulla (s), and each peak represents intratubular
of atherosclerosis [96]. Future studies of renal tubularcontrast sequentially transversing the nephron segments contained in
these regions. At the top of the figure, the corresponding anatomic dynamics in animal and human models of hypertension
location of the contrast in the renal cross-sectional regions is illustrated. may potentially shed light on the nephron sites and the
degree of impairment of renal function in this disease.
lated areas, the change in total medullary flow was not
LIMITATION OF CT SCANNING AND OTHER
statistically significant. Nevertheless, the small changes
X-RAY TECHNIQUESin papillary flow were positively correlated with the
Limitations of CT can be divided into data acquisitionamount of sodium excreted in the urine [38].
related (imaging artifacts, contrast media) and patientThe previously mentioned alterations in the inner me-
safety related (radiation exposure and contrast media).dulla induced by changes of renal perfusion pressure
within the range of renal blood flow autoregulation were
Imaging artifactsaccompanied by significant decrements of sodium reab-
X-ray imaging may be associated with artifacts suchsorption in proximal, late proximal, thick ascending, and
as “partial volume effect” (vida supra), “beam harden-cortical distal tubules. The relationship between these
ing” (an artificial increase in the average energy of therather large changes in tubular fluid reabsorption with
transmitted beam), and photon scatter (caused by detec-relatively small circulatory alterations circumscribed to
tion of x-ray information originating outside the x-raythe inner papilla need to be explored further. It will be
source and detector plane) [33]. These can be partlyinteresting to know if, as suggested by Roman et al [87],
corrected or avoided by adopting simple precautions,changes in renal papilla alter the interstitial pressure,
and are being addressed in the newer generations of CTthereby inducing modifications in tubular sodium reab-
scanners (fast CT).sorption through the release of humoral substances (such
as nitric oxide and prostaglandins) or, if on the contrary,
Radiation exposurethe hemodynamic changes alter nitric oxide synthesis
The entrance radiation exposure incurred with con-(mediated by shear stress) and thereby sodium reabsorp-
ventional CT is 1.9 rads/second, compared with 10 rads/tion, producing intratubular fluid expansion. This tubular
second for EBCT [3]. However, because of the shortfluid expansion will alter interstitial pressure, which can
scanning time of EBCT, this dosimetry translates intomodify medullary circulation through changes in capil-
lary wall tension. In this latter case, the changes in papil- about 1 rad for each high-resolution scan (100 msec/
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Fig. 11. Time density curves obtained with
electron beam computerized tomography
(EBCT) in the renal inner medulla before
(solid squares) and after (circles) systemic ad-
ministration of furosemide. This loop-diuretic
induced a marked dilution (and hence a de-
crease in tissue densities) in the nephron seg-
ments from the loop of Henle and distally,
which was detectable with EBCT.
image) and approximately 0.5 rad for a standard resolu- with the use of low-osmolar contrast agents [100, 101],
tion scan (50 msec/image). which have little effect on renal perfusion and function
and are therefore preferable agents for physiological stud-
Contrast media ies. In addition, the fact that CT-derived renal perfusion
Most of the contrast media routinely used for x-ray and function remain unaltered in time-control animals
examinations are derivatives of a benzene ring, which ab- and are highly correlated with independent measures
sorbs x-rays thanks to the presence of iodine atoms [36]. obtained by “gold standards” affirms their reliability as
Radiographic contrast agents are removed from circu- indicators.
lation primarily via glomerular filtration and are not se-
creted or reabsorbed in the kidney [36]. In that regard,
contrast media behave like inulin, with the advantage
CONCLUSIONthat they can be externally detected. Due to their high
In conclusion, x-ray techniques in general and CTosmolarity, their presence in the kidney may lead to
scanners in particular offer a unique insight into thediuresis, tubular expansion, and an increase in renal size
synchronous intrarenal hemodynamics and function,[97]. Their high osmolarity also renders them potent
allowing noninvasive investigation of their interdepen-systemic vasodilators, and their use is often accompanied
dence. This may provide an almost unprecedented op-by a transient fall in blood pressure [98]. As opposed to
portunity to elucidate mechanisms associated with shiftsthe systemic vasculature, the response of the kidney to
conventional contrast media is characteristically bipha- in the pressure-natriuresis curve, development of hyper-
sic. A transient vasodilation, similar to contrast-induced tension, renal disease mechanisms, and more. Future
blood flow changes in other vascular beds, is followed development of automated data analysis software may
by a more prolonged vasoconstriction unique for the enable taking advantage of this technology for routine
renal vascular bed [99]. Contrast media may also de- clinical purposes.
crease the glomerular ultrafiltration coefficient (Kf) and
glomerular filtration rate, a tubuloglomerular feedback
phenomenon initiated by delivery of high-solute tubular ACKNOWLEDGMENTS
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